H Ho ow w c ch he em mo ot th he er ra ap py y d da am ma ag ge es s t th he e c ce en nt tr ra al l n ne er rv vo ou us s s sy ys st te em m The successful management of many cancers has been achieved mainly by aggressive treatment. Chemotherapy is generally not very specific, and it puts normal tissues and organs at risk. Although the brain is given some protection from systemic treatments by the blood-brain barrier, it is increasingly recognized that many chemotherapeutic agents affect brain function by direct and/or indirect mechanisms. Thus, cancer patients can experience various adverse symptoms, including cognitive dysfunction. Cancer patients have always known that their cognitive function is less efficient during cancer treatment, although in the past it may have been attributed to other causes, such as stress or depression. Several studies over the past decade have shown that this is a real effect of the disease and of its treatment on brain function [1][2][3]. It is also increasingly clear that cognitive dysfunction persists in some individuals long after treatment is ended, and some patients never fully recover [3,4]. Persistent symptoms are a cause of considerable distress for individuals who cannot return to their previous academic, occupational or social activities, or who can do so only with significant additional mental effort. However, the mechanisms underlying the development of persistent cognitive dysfunction have not been identified.
The successful management of many cancers has been achieved mainly by aggressive treatment. Chemotherapy is generally not very specific, and it puts normal tissues and organs at risk. Although the brain is given some protection from systemic treatments by the blood-brain barrier, it is increasingly recognized that many chemotherapeutic agents affect brain function by direct and/or indirect mechanisms. Thus, cancer patients can experience various adverse symptoms, including cognitive dysfunction. Cancer patients have always known that their cognitive function is less efficient during cancer treatment, although in the past it may have been attributed to other causes, such as stress or depression. Several studies over the past decade have shown that this is a real effect of the disease and of its treatment on brain function [1] [2] [3] . It is also increasingly clear that cognitive dysfunction persists in some individuals long after treatment is ended, and some patients never fully recover [3, 4] . Persistent symptoms are a cause of considerable distress for individuals who cannot return to their previous academic, occupational or social activities, or who can do so only with significant additional mental effort. However, the mechanisms underlying the development of persistent cognitive dysfunction have not been identified.
Many of the preclinical studies so far have focused on the acute effects of chemotherapy on hippocampal function and on associated deficits in learning and memory [5] [6] [7] [8] [9] . However, cancer patients generally have problems with memory retrieval and executive function, not with consolidation of memories, a pattern that suggests that frontalsubcortical white matter networks are involved rather than the hippocampus. In a ground-breaking new study in Journal of Biology, Mark Noble and colleagues [10] have now found that therapeutic levels of 5-fluorouracil (5-FU), an agent widely used to treat breast and colon cancers, among others, is associated with progressive delayed damage to myelin. This series of experiments helps define the mechanisms that could underlie the cognitive problems cancer patients experience during treatment, as well as those that persist long after treatment is discontinued.
In a manner similar to their previous work with other anticancer drugs [9] , the authors first examined the effects of clinically relevant doses of 5-FU on central nervous system (CNS) stem cells, lineage-restricted progenitor cells and differentiated cell types [10] . They also compared the effects with those on human umbilical vein endothelial cells and a variety of cancer cell lines. They found that progenitor cells and nondividing oligodendrocytes were vulnerable, suggesting that 5-FU neurotoxicity was not limited to dividing cells. This toxicity was observed at lower concentrations than generally used in other studies.
The authors then examined the effects of 5-FU on adult mice. They found an acute, transient increase in apoptosis in several brain regions, which subsided 56 days after injection. They found a more persistent suppression of proliferation in regions of the brain where proliferation is essential to normal function (the subventricular zone, the dentate gyrus of the hippocampus and the corpus callosum), primarily in progenitor cells and oligodendrocytes. To determine whether these findings resulted in functional impairment, they investigated the auditory brainstem response in the mice at various times following treatment. Loss of myelin is known to increase the latency between specific peaks in the auditory brainstem response, reflecting slowing of the impulse conduction between the ear and the brain. Exposure to 5-FU caused a progressive increase in inter-peak latencies, consistent with developing myelin damage, whereas cochlear function was not affected.
To follow up on this indication that delayed white matter injury was the result of 5-FU exposure, Noble and colleagues [10] undertook a more systematic investigation of oligodendrocyte biology in the corpus callosum. They found extensive damage to myelin, altered transcriptional regulation in oligodendrocytes and extensive myelin pathology 56 days after exposure to 5-FU. In contrast, CNS inflammation and vascular damage, which have been widely speculated to be underlying mechanisms of delayed CNS injury, were acute rather than delayed and thus did not seem to be related to the delayed demyelination.
O Ot th he er r p pr re ec cl li in ni ic ca al l s st tu ud di ie es s o of f c ch he em mo ot th he er ra ap py y--i in nd du uc ce ed d C CN NS S i in nj ju ur ry y Previous studies have shown that various chemotherapeutic agents cause cognitive impairment, although the results are variable. Winocur et al. [5] found that a combination of methotrexate and 5-FU induced impairments in tests of spatial memory and other cognitive tasks in mice. Reiriz et al.
[6] also reported transient acute memory impairment in mice treated with a single dose of cyclophosphamide. Adriamycin has been demonstrated to increase oxidative stress in the brain, which may lead to cell dysfunction or cell death and thus contribute to cognitive dysfunction [7] . Crandall et al. [8] reported that long-term exposure to 13-cis-retinoic acid, which is often used in chemotherapy regimens, was associated with decreased neurogenesis and cell proliferation in the hippocampus and subventricular zone, and with impaired spatial learning and memory in young adult mice. Dietrich et al. [9] found that three widely used chemotherapy agents (carmustine, cisplatin and cytosine arabinoside) were more toxic to CNS progenitor cells and nondividing oligodendrocytes than to many cancer cell lines in vitro. They also found that the agents caused increased cell death and decreased cell division in the subventricular zone, the dentate gyrus of the hippocampus and the corpus callosum in mice. These effects were observed for weeks after drug administration ended.
In contrast, Lee et al.
[11] found transient improvement in memory and synaptic plasticity in rats treated with cyclophosphamide or 5-FU 8 weeks after administration, but not 29 to 42 weeks later, when the treated rats performed no differently from controls. This group did, however, find impaired long-term potentiation (a phenomenon critical for learning) in hippocampal slices taken during cyclophosphamide treatment, whereas they found enhanced long-term potentiation in slices obtained 8 and 53 weeks after treatment [11] . Thus, some of the variability of the results in these studies may be related to the time points of evaluation (acute versus chronic toxicity), the different agents under study, and the specific animal or preclinical model that was utilized.
C Cl li in ni ic ca al l s st tu ud di ie es s
The studies of Noble and colleagues [9,10] will directly affect clinical research into the pattern of cognitive dysfunction in cancer patients and the associated imaging and physiological results. The incidence of acute chemotherapyrelated cognitive dysfunction ranges from 15 to 70% [3, 12] . One trial found that 61% of women receiving 5-FU, doxorubicin and cyclophosphamide for breast cancer showed a decline in cognitive function while on treatment. The decline occurred most often in attention, learning and processing speed and was not related to mood, demographic characteristics, clinical features or baseline level of cognitive function [3] . Consistent with the findings of Noble and colleagues [10] , 50% of the women had not recovered 1 year after treatment was discontinued [3] . Longterm cognitive impairments have also been reported in cross-sectional studies of patients 2-10 years after treatment ended [4, 13, 14] .
The findings of Noble and colleagues regarding delayed white matter injury and associated functional impairment may provide a mechanistic basis for the results of studies in cancer patients. A recent study of breast cancer survivors 3-6 years after chemotherapy was completed found that patients had abnormalities in the processing of an auditory stimulus compared with controls [15] . Interestingly, all of the patients had received 5-FU as part of their treatment regimen. Silverman et al. [16] , using positron emission tomography, found alterations in resting metabolism and cerebral blood flow in the basal ganglia, inferior frontal gyrus and cerebellum during memory activation in women who had received chemotherapy 5-10 years earlier.
Anatomical studies have also found changes in cancer survivors treated with chemotherapy. Using magnetic resonance imaging, Inagaki et al.
[17] found smaller gray and white matter volumes in multiple brain regions 1 year after treatment compared with controls, although this was not observed in a cohort scanned 3 years after treatment. The reduced volumes at 1 year correlated with poorer performance on cognitive testing. Gray and white matter volume loss and hippocampal atrophy have also been reported in association with some chemotherapeutic treatments [18] [19] [20] . However, these findings have not always been replicated, suggesting the need for further investigation [21] .
The findings of Noble and colleagues [9, 10] have greatly contributed to our understanding of the mechanisms of acute and, importantly, progressive and delayed injury to the brain from clinically relevant short-term exposure to a widely used chemotherapy agent. Furthermore, their results are consistent with the clinical syndrome commonly observed in patients. This important study [10] underscores the need for varied and appropriate preclinical models that assess both acute and progressive delayed CNS injury due to cancer treatment. The knowledge gained from this and other studies will guide the development of translational clinical research to protect the nervous system from injury, to better treat injury that has developed as a result of treatment, and to improve the overall quality of life of cancer patients.
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